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Possible involvement of terminal complement complex in active
Heymann nephritis. We investigated whether the appearance of various
complement components in renal deposits of immune complexes cor-
related with the development of proteinuria in rats with active
Heymann nephritis. Sequential kidney biopsy specimens and serum
samples were obtained from Lewis rats immunized with FxlA in
complete Freund's adjuvant. Circulating antibodies against purified
auto-antigen renal tubular epithelial glycoprotein, as measured by
ELISA, were found in the circulation together with a diffuse granular
deposition of IgGi, IgG2a, and lgG2b in the glomeruli within 2 weeks
after immunization. Biopsy specimens taken 4 weeks after immuniza-
tion showed diffuse deposition of C4 and C3, which indicated that
activation of complement by the classical pathway had occurred. The
detection of the C5b-9 complex of complement in glomerular deposits
coincided with the development of abnormal proteinuria indicating that
the glomerular damage in this autoimmune disease may be caused by
complement-mediated lesions in the glomerular capillary walls.
Mise en jeux possible du complexe terminal du complement dans La
néphrite active de Heymann. Nous avons cherché si l'apparition de
diverses fractions du complement dans les dCpots rénaux d'immuns-
complexes était corrélée au ddveloppement d'une proteinurie chez des
rats atteints de Ia nephrite de Heymann. Des specimens biopsiques
rénales et des échantillons plasmatiques séquentiels ont été obtenus
chez des rats Lewis immunisés avec Fx1A dans l'adjuvant complete de
Freund. Des anticorps circulants contre l'auto-antigene glycoprotéine
de épithClium renal tubulaire purifie, mesurés par ELISA, ont etC
trouvés dans la circulation en association a des depots granulaires diffus
d'IgGl, IgG2a, et d'igG2b dans les glomerules, 2 semaines apres
l'immunisation. Des specimens biopsiques obtenues 4 semaines aprCs
l'immunisation ont montré des depOts diffus de C4 et de C3, ce qui
indiquait qu'une activation du complement par Ia voie classique s'Ctait
produite. La detection du complexe C5b-9 du complement dans les
depOts glomerulaires coIncidait avec le developpement d'une
protCinurie anormale cc qui indique que Ia lesion glomerulaire dans
cette maladie auto-immune peut étre due a des alterations a mediation
complCmentaire des parois capillaires glomerulaires.
Heymann nephritis (HN) can be induced in susceptible rat
strains by one injection of an allogeneic crude fraction of renal
tubular epithelium called Fx1A [1]. The disease is characterized
by a nephrotic syndrome that closely resembles membranous
glomerulopathy in humans [2].
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The glomerular injury in this experimental nephropathy has
been described in detail by several investigators using light
microscopy, immunofluorescence, and electron microscopy
[2—41. In a recent paper we described the purification of the
renal tubular epithelial glycoprotein (RTE-Gp) from rat kidneys
that is responsible for the induction of HN [5]. Using an ELISA
we measured the appearance of circulating autoantibodies
against RTE-Gp. However, the pathogenetic mechanism re-
sponsible for the generation of proteinuria has not been clarified
entirely. An influx or proliferation of cells within the glomeruli
has not been observed [2, 31 and an anaphylactic mechanism by
mast cell products does not seem to play a significant role [6].
Since the presence of the third component of complement C3
has been clearly established in the granular deposits along the
GBM the complement system itself seems to be the most likely
cause of glomerular injury. A similar mechanism has been
shown in passive HN [7].
The aim of this study was to establish the involvement of the
complement system in the generation of proteinuria in active
HN in rat. Recently the isolation and characterization of the rat
complement components C4, C3, factor H (/31H), and factor B
have been described [8—i 11. With monospecific antisera pro-
duced against these complement components we studied their
sequential appearance in the granular deposits along the
glomerular capillary walls and brushborder membranes that are
regarded as typical for this disease. An antiserum against the
human terminal complement complex (TCC) [121 which cross-
reacts with rat TCC enabled us to study the appearance of the
C5b-9 complex in glomerular deposits. The serum levels of total
complement activity (CHSO), Clq, C3, C4, and factor H were
monitored simultaneously. The possible pathogenic mechanism
of complement-mediated renal injury in active HN is discussed.
Methods
Animals. Eight-week-old inbred male Lewis rats were ob-
tained from the Laboratory of Pathology, University of Leiden,
Leiden, The Netherlands. During in vivo experiments the rats
received distilled water containing 0.2 g/liter tetracyclin-HC1
(Sigma Chemical Co., St. Louis, Missouri, USA) and were fed
with chow pellets (Ralston Purina, St. Louis, Missouri, USA)
ad libitum.
Antisera and reagents. Fx1A and RTE-Gp were prepared
388
Role of complement in Heymann nephritis 389
from Wistar rat kidneys according to Edgington, Glassock, and
Dixon [13] with modifications as described [5].
Antisera against rat C4, C3, factor H, and factor B have been
described in previous publications [8—11]. An antiserum against
rat Clq will be described in a forthcoming paper. To exclude
Clq-Fc interactions we used F(ab')2 fragments of rabbit anti-
bodies against rat Clq that were prepared by pepsin digestion
followed by gelfiltration on Sephadex G-l50. A rabbit antiserum
against the human C5b-9 complex neoantigen [121 was used to
detect the terminal complement complex. To demonstrate
cross-reactivity of this antiserum with rat TCC, as had been
reported by others [14], membranes of rabbit erythrocytes were
incubated with human or rat serum for 1 hr at 37°C. After
incubation the membranes were pelleted by centrifugation for
15 mm at x 8,000g. Soluble membrane constituents containing
C5b-9 complexes in the supernatant were separated from non-
complexed complement components by gelfiltration on a
Sephracryl S-400 column. As controls fresh normal human
serum and normal rat serum were subjected to gelfiltration on
S-400 as well. In the fractions C5b-9 neoantigen and C5 were
measured by ELISA. CSb-9 antigen could only be detected in
the void volume fractions of membrane-activated sera. C5
antigen was found as one peak in the inclusion volume of
normal fresh sera. Two peaks of CS antigenic activity were
found in membrane-activated sera, one in the void volume
fractions coinciding with the C5b-9 complex and one in the
inclusion volume coinciding with the single peak obtained with
normal sera. This showed that the antiserum was directed
against the neoantigenic determinants on the C5b-9 complex of
both human and rat complement. Moreover, absorption of the
antiserum with rabbit erythrocyte membranes to which rat
C5b-9 complexes were bound resulted in a complete inhibition
of immunofluorescence on kidney biopsy specimens.
The IgG fractions of rabbit anti-rat IgG, rabbit anti-rat C3,
rabbit anti-goat IgG, and goat anti-rabbit IgG (directed against
heavy and light chains) were conjugated to fluorescein iso-
thiocyanate (FITC, Koch-Light Laboratories, Colnbrook, En-
gland) according to the method of The and Feltkamp reported in
1970 [15]. Conjugated antibodies with a F/P ratio of 2.0—2.5
were used and dilutions were made in phosphate-buffered saline
(PBS). Antisera against the Fc portion of rat antibody
(sub)classes were described previously [16].
Immunofluorescence. Kidney biopsy specimens were
snapfrozen in precooled isopentane and stored in sealed plastic
bags at —70°C. Cryostat sections of 5 p.m were fixed for S sec
in acetone at — 30°C, air-dried for 10 mm and stored for a
maximum of 1 to 2 days at 4°C. The slides were rinsed for 8 mm
in 0.01 M PBS, pH 7.4, incubated with antiserum for 45 mm, and
subsequently rinsed for 8 mm in PBS. In the indirect im-
munofluorescence (IF) a second incubation with diluted FITC
conjugated antibodies was similarly performed. The sections
were mounted in PBS-glycerin pH 8.0 containing 1 mg/mI
p-phenylenediamine [17] (Sigma Chemical Co.) and examined
in a microscope (Leitz-Orthoplan) equipped with an epill-
luminator provided with a 100-watt mercury lamp (Osram
HBO). Photographs were taken on Kodak Tri-X Pan Film ASA
400 (Eastman Kodak Co., Rochester, New York, USA). Pres-
ence of IgG and rat C3 were examined by direct IF; all other
antisera were used in the indirect method. Coded slides were
scored from 1 + to 3+ independently by two investigators.
Induction of Heymann nephritis. HN was induced in Lewis
rats in both front footpads by one injection of a complete
Freund's emulsion containing 1 mg Mycobacterium tuberculo-
sis HRa 37 (Difco, Detroit, Michigan, USA) and S mg Wistar
Fx1A. Controls only received complete Freund's adjuvant
(CFA).
Blood samples were collected by retro-orbital puncture and
allowed to clot on ice. Sera were stored at — 70°C for further
use. Kidney biopsy specimens were obtained from sacrificed
rats after they had been perfused with 100 ml of PBS by aorta
puncture under ether anesthesia.
Measurement of serum CH5O and complement components.
CH5O and Clq were determined hemolytically, C3 and factor H
by radial immunodiffusion, and C4 by rocket-electrophoresis
[18, 19].
Measurement of circulating autoantibodies against RTE-Gp.
ELISA-plates (Titertek, Flow Laboratories, Zwanenburg, The
Netherlands) were coated overnight at room temperature with
purified RTE-Gp 1 p.g/well, in 0.1 M carbonate/bicarbonate
buffer, pH 9.6. After rinsing with PBS the wells were incubated
with 2% BSA in PBS, pH 7.4, for 1 hr at 37°C. The wells were
subsequently rinsed three times with PBS containing 0.1%
Tween 20 and incubated with PBS-tween diluted sera obtained
from rats that were immunized with Fx1A in CFA or with CFA
only. After incubation for 45 mm at 37°C the wells were rinsed
three times with PBS-tween and incubated for another 45 mm at
37°C with horse radish peroxidase-conjugated affinity-purified
rabbit-anti rat IgG. Finally the wells were incubated with a 50
m phosphate buffer, pH 5.6, containing 0.02% ortho-
phenylene diamin (Sigma Chemical Co.) and 0.005% H202 for 1
hr at room temperature in the dark. The optical density at 450
nm was measured in a Titertek ELISA scanner (Flow Labora-
tories). The amount of specific auto-antibodies was calculated
from standard curves using IgG purified from eluates obtained
from Heymann kidneys [5].
Results
Induction of Heymann nephritis. Lewis rats were injected
with Fx1A in complete Freund's adjuvant and control rats with
CFA. Five rats in each group were bled at biweekly intervals.
Within 4 weeks after immunization with Fx1A all Lewis rats
had circulating antibodies which stained the cryostat section of
normal Lewis kidneys by indirect IF. These antibodies stained
the brush border of the proximal tubules and to a lesser degree
the capillary walls of the glomeruli in a fine granular pattern
(Fig. 1A). Circulating autoantibodies aganst the purified
autoantigen RTE-Gp as detected by ELISA are depicted in
Table 1. After 6 weeks these rats developed abnormal protein-
uria which increased to 240 56 mg protein per 24 hr urine
excretion at 8 weeks and to 206 66 mg/24 hr at 10 weeks.
Protein excretion of control rats immunized with CFA alone
never exceeded 5 mg/24 hr.
Immunofluorescence studies of kidney cryostat sections from
rats with Heymann nephritis. At 0, 2, 4, 6, 8, and 10 weeks after
immunization, groups of four rats from both Fx1A immunized
and adjuvant-injected rats were sacrificed. After perfusion with
PBS their kidneys were used for IF studies. Within 2 weeks
after immunization diffuse fine granular deposits of immu-
noglobulins appeared in a fine granular pattern along the
glomerular capillary walls (Fig. 1B). Within 4 weeks these
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Fig. 1. A A normal Lewis kidney section incubated with serum obtained from a Lewis rat 4 weeks after immunization with FxIA. Strong
brushborder staining and weak granular staining in the glomeruli could be observed. (FITC rabbit anti-rat IgG, x300) B Fine diffuse granular
deposition of IgG along glomerular capillary walls. A kidney biopsy was taken 12 days after immunization. (FITC rabbit anti-rat IgG, x300) C
Heavy granular deposition of IgG2b along the glomerular basement membrane and the brushborder of the proximal tubules 6 weeks after
immunization. (Rabbit anti-y2b, FITC goat anti-rabbit IgG, X 100) D Coarse granular deposition of lgG in the glomeruli and brushborder
membranes 8 weeks after immunization. Reabsorption droplets could be observed along the tubular basements membrane. (FITC rabbit anti-rat
IgG, xlOO)
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Table 1. Comparison of the appearance of circulating autoantibodies and the development of proteinuria with the presence of complement
components in glomerular deposits
Weeks after immunization 0 2 4 6 8 10
Circulating auto-antibodies
against RTE-Gp, ng/ml 0 8 778 648 1627 650 2016 569 1800 655 1786 432
Proteinuria, mg protein/24 hr 3.8 0.8 3.8 0.6 4.7 5.0 21 18 240 56 206 66
Deposits in glomerular capillaries
detected by IF
IgGl — + ++ ++ ++ +++
Ig2a — + ++ ++ ++ +++
Ig2b — + ++ ++ ++ +++
Clq — — — +I +1— +
C4 — — +1— + + +
C3 — +I +/++ ++ ++ +++
FactorB — — — — +1— —
FactorH — — +. + + ++
TCC — — — + +-I- +++
Abbreviations: RTE-Gp, renal tubular epithelial glycoprotein; IF, immunofluorescence; TCC, terminal complement complex (C5b-9).
deposits had developed into a heavy and coarse granular
staining (Fig. 1D) in which IgGi, IgG2a, and IgG2b were the
major constituents (Fig. 1C). Trace amounts of IgA and IgG2c
were also present, but even in the earliest biopsy specimens
virtually no 1gM could be demonstrated. As shown in Table 1
the classical pathway complement components Clq, C4 (Fig. 2
A and B) and C3 gradually accumulated in the glomerlar
granular deposits. C3 was detectable almost immediately in a
diffuse pattern after the initial deposition of immunoglobulins.
C4 and Clq could be detected within 4 to 6 weeks after
immunization. Factor B was detectable only temporarily at 8
weeks after immunization (Table 1) and was not detectable
thereafter. Increasing amounts of factor H appeared along the
GBM from 4 to 10 weeks after immunization (Fig. 2C). The
detection of TCC in glomerular deposits coincided with an
increase of proteinuria (Table 1, Fig. 2D). Rats without ab-
normal proteinuria only showed deposits with Clq, C4, and C3
but no detectable TCC.
During the induction of HN immunoglobulins and comple-
ment components were fixed to the brushborder membranes of
the proximal tubules. As shown in Table 2 granular deposition
of IgG along the brush border was barely detectable within 4
weeks after immunization, and developed into heavy deposits
by 6 weeks after immunization (Fig. 1D). However, comple-
ment components were detectable only 8 to 10 weeks after the
induction of HN. In control rats injected with CFA alone, no
granular deposits appeared in the glomeruli. A faint linear
staining and occasional mesangial dots were found with anti-
IgG, but normal perfused Lewis kidneys showed a similar type
of fluorescence. Autoantibodies against RTE-Gp in sera from
control rats could not be detected by ELISA. C3, factor H, C4,
TCC, and Clq were present in nonsymmetrical arcs outlining
the TBM of control rat kidneys (Fig. 2). This staining lacked a
correlation with disease since similar staining patterns were
found with kidneys of untreated adult rats.
Measurement of serum levels of complement. Rats with HN
demonstrated elevated levels of CH5O and C4 while CFA-
injected controls showed minimal fluctuations or a temporary
decrease of complement activity. No significant changes were
observed in the levels of Clq, C3, and factor H.
Discussion
Within 2 weeks after immunization with Fx1A, autoantibod-
ies against RTE-Gp could be detected in the serum by ELISA
and IF. The presence of measurable amounts of circulating
autoantibodies correlated with the deposition of IgG along
glomerular capillary walls. These granular deposits were shown
to consist mainly of IgGi, IgG2a, and IgG2b. The IgG2 subclas-
ses have been reported to activate complement efficiently
through the classical pathway [20]. Within 1 week after the
deposition of IgG but before the occurrence of proteinuria, the
complement components C3, Clq, H, and C4 could be detected
in the deposits in a granular immunofluorescence pattern in the
glomeruli identical to that for IgG. The onset of abnormal
proteinuria correlated with the detection of C5b-9 complexes in
the glomerular deposits as assessed by an antiserum that
specifically reacts with the TCC neoantigen. This indicates that
the terminal complement pathway is involved in the develop-
ment of proteinuria. A similar mechanism has been reported in
passive HN [7] and serum sickness nephritis [14, 21]. The
observation that at 4 weeks small amounts of IgG could be
found localized on the brushborder membranes without detect-
able amounts of C5b-9 complexes in the glomeruli (Tables 1 and
2) would appear to contradict our hypothesis that ltered
glomerular permeability is mediated in this model by the
formation of TCC. This discrepancy may be related to, differ-
ences in the strength of the two antisera used. The anti-IgG
antibody was prepared by immunizing rabbits with rat IgG. In
contrast the TCC-antibody was raised in rabbits by immunizing
with human C5b-9 and only recognized cross-reactive
neoantigenic determinants on rat TCC. Therefore, small
amounts of rat TCC in the glomeruli may not have been
detected by this cross-reacting antiserum. The possibility that a
complement-independent mechanism causes the early changes
in glomerular permeability cannot be excluded by our data.
The persistence of Clq and C4 in glomerular deposits without
dramatic changes of complement levels in the circulation sug-
gests that classical pathway activation of complement occurs at
the tissue level after in situ formation of immune complexes in
the glomeruli. The sequence in which complement components
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Fig. 2. Indirect immunofluorescence on kidney biopsy specimens 10 weeks after immunization with FxJA in CFA. A Localization of Clq in granular
deposits. (Rabbit F(ab')2 anti-rat Clq, FITC goat anti-rabbit IgG, X270) B Granular depositions containing C4 along glomerular capillary walls and
brushborder membranes. An irregular TBM staining could be observed. (Goat anti-rat C4, FITC rabbit anti-goat IgG, x90) C Localization offactor
H in glomerular deposits and on brushborder membranes. Note the strong TBM staining. (Rabbit anti-rat H, FITC goat anti-rabbit IgG, x90) D
Terminal membrane C5b-9 complexes localized in the glomeruli. Occasional staining could be observed on brushborder membranes. Note the
strong TBM staining. (Rabbit anti-hu TCC, FITC goat anti-rabbit IgG, x90)
are detectable in glomerular deposits (C3, C4, H, C5b-9, Clq, more, activation of Cl may not necessarily be followed by
B) is unlikely to be representative for the actual sequence of permanent fixation of Clq since Clq can be released after the
complement activation. This may be caused by differences in activation of C4 [22].
the quantity of each component in the deposits and differences The appearance of complement components of the classical
in the titer and affinity of the various antisera used. Further- pathway on the brushborder membranes of the proximal tu-
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Table 2. Appearance of immunoglobulins and complement
components on tubular brushborder membranes during the
induction of Heymann nephritis
Weeks after immunization 0 2 4 6 8 10
Deposits on brushborder mem-
branes detected by IF
IgG — — +1— + ++ ++
Clq — — — — +1— +
C4 — — — — + +
C3 — — — — + -'-+
B — — — — — —
H — — — — + ++
TCC — — — — +1— +1—
Abbreviations: IF, immunofluorescence; TCC, terminal complement
complement (C5b-9).
bules was shown to be preceded by fixation of immunoglob-
ulins. Although purified autoantigen was able to activate autol-
ogous complement in vitro by the alternative pathway (data not
shown) as had already been reported with crude brushborder
antigens [23], the tubular damage is unlikely to be the result of
a direct interaction in vivo of RTE and complement [4].
Fixation of complement components to tubular membranes in
vivo probably is preceded by in situ formation of immune
complexes on brushborder antigens by autoantibodies in the
ultrafiltrate. Many investigations have been performed to estab-
lish how the TCC causes lesions on cell-membranes [24, 25].
However, most of these studies were carried out in vitro. The
proteinuria that develops after the induction of HN indicates
that both charge and molecular sieving barriers are affected [3,
26]. Whether the abnormalities in the permeability of the GBM
are caused by similar mechanisms as have been shown in vitro
for cell membranes will remain uncertain until further investiga-
tions at the ultrastructural level are performed.
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